INTRODUCTION
Polymer electrolyte fuel cells (PEFCs) have potential as nextgeneration power sources for vehicles because they do not emit greenhouse gases during operation. However, there are many issues that must be resolved before PEFCs can be adopted worldwide and fuel cell electric vehicles (FCEVs) are realized. These issues include the low power density of the FC stack, low efficiency of the entire power-train system, low durability under a wide range of operating conditions and environments, and cost reduction. 1 In particular, to increase the power density and reduce costs, it is essential to improve the mass-specific activity of the Pt electrocatalyst in the FC for the oxygen reduction reaction (ORR). 2 Therefore, the structure of the Pt electrocatalyst and the reaction mechanism must be studied to understand ORR catalysis at the atomic level.
3−7 X-ray absorption fine structure (XAFS) is a powerful technique that can be used to study dynamic structural changes in an electrochemical environment. The XAFS method provides information on local structures and electronic states, such as valence states and the d vacancies of 5d transition metal atoms. In situ XAFS has been employed to investigate catalysts, 8 and such studies have revealed catalytic properties and reaction mechanisms based on dynamic structural changes 9−11 using actual fuel cell stacks 12−15 and three-electrode electrochemical cells. 16−24 In recent years, core−shell type electrocatalysts have drawn wide attention for improvement in the mass-specific activity of Pt. 25 One effective core−shell electrocatalyst consists of a Au core and a Pt shell supported on a carbon substrate. 6,26−33 In Pt/Au core−shell electrocatalysts, both the mass-specific activity and the area-specific activity are increased with respect to the Pt nanoparticle electrocatalyst, which indicates the effectiveness of the core−shell structure to not only increase the Pt fraction on the surface of the electrocatalyst particle (geometric effect), but also to modify the Pt electronic state (electronic effect). The latter can be achieved by electron transfer and/or lattice contraction/expansion induced by interactions between the Au core and the Pt shell. However, it is difficult to directly determine the core−shell structure if the Pt shell thickness is as small as one or two monolayers. Considering the Au lattice, the Pt−Pt distance of the Pt shell in a Pt/Au core−shell electrocatalyst is expected to be longer than that in a simple Pt electrocatalyst. Surface X-ray diffraction analysis has revealed that the Pt−Pt distance in a Pt monolayer deposited on the Au(111) surface is elongated. 34 Core−shell structures and lattice mismatch can be determined directly using XAFS. Although XAFS is the most suitable technique to investigate the core−shell structures of nanoclusters and their bond distances, interference between the Pt and Au L III X-ray absorption edges hinders XAFS studies on Pt and Au nanoclusters. The separation of the Pt and Au L III -edges is only approximately 350 eV, which results in overlapping of EXAFS oscillation. Hence, reliable curve-fitting analysis of the Pt and Au L III edges becomes difficult. 30, 35, 36 If Pt and Au K-edge XAFS analyses can be performed, we can obtain well-separated Pt and Au spectra (Pt and Au K-edges are located at 78.4 and 80.7 keV, respectively), although this had been considered to be impossible due to machine limitations and finite lifetime broadening. After Ce K-edge XAFS was shown to be possible, 37 the extension of K-edge XAFS measurements to higher energies has progressed. Nishihata et al. reported Pt K-edge XAFS measurements, 38 and Nagamatsu et al. conducted ex situ K-edge XAFS measurements on fuel cell Pt/Au catalysts. 39 We have previously demonstrated that in situ Pt and Au K-edge XAFS measurements are both possible and effective for the investigation of Pt/Au core−shell electrocatalysts under operating conditions. 40 Recently, Inaba and co-workers claimed that the simple reaction of a Pt precursor with Au nanoparticles on C without a reducing agent and under inert gas flow allows the selective deposition of Pt on the Au nanoparticles to form core−shell structures. 32, 33 In this Article, Pt/Au core−shell structures on the carbon were prepared using a method similar to that reported by Inaba and co-workers, 32, 33 and the resultant carbon-supported Au−Pt electrocatalyst was characterized using in situ Pt and Au K-edge XAFS spectroscopic measurements together with physical and electrochemical analyses. We discussed the structural parameters obtained by curve fitting and the origin of the enhanced area-specific activity of Pt/Au/C.
MATERIALS AND METHODS
2.1. Preparation of Pt/Au/C Core−Shell Electrocatalyst. The following procedure was used to prepare the Pt/Au/C electrocatalyst samples. The method for the deposition of Pt on the Au nanocluster was similar to that proposed by Inaba and co-workers. 32, 33 Au nanoclusters were first prepared using the sputter-deposition-onto-ionic-liquid method, 41−43 which produces small homogeneous Au nanoclusters. A sputter coater (SC-704, Sanyu Electron; acceleration voltage = 1 kV, ion current = 20 mA) was used to sputter Au into 3 mL of ionic liquid (1-butyl-3-methylimidazolium tetrafluoroborate; C 4 mimBF 4 ) at 328 K for 180 min. Next, 0.78 g of carbon black (XC-72R, Vulcan) was impregnated with the Au nanoparticles in C 4 mimBF 4 solution for 24 h, followed by stirring in 200 mL of acetone (Wako, reagent grade) for 10 min to remove C 4 mimBF 4 , and the suspension was then filtered. This washing process was conducted three times to completely remove the ionic liquid. The resultant Au/C was dried in an oven at 333 K for 24 h. 0.1 g of Au/C was suspended in 200 mL of ultrapure water, and the solution was stirred with a magnetic stirrer for 15 min. The Au/C-suspended solution was then slowly added to 2 L of ultrapure water, which was deaerated by bubbling with N 2 for 30 min, and 1.0 g of 7.2 wt % H 2 PtCl 6 aqueous solution was added dropwise to the solution; the resulting solution was stirred under a N 2 atmosphere for 24 h at room temperature. The resulting Pt/ Au/C was filtered and dried for more than 4 h at 333 K. Finally, the Pt/Au/C product was scraped from the filter paper, yielding carbon-supported electrocatalyst powder.
Commercially available Pt/C was used as a reference (nominal Pt loading 50 wt %, Ketjen black carbon support; TEC10E50E, Tanaka Kikinzoku Kogyo K.K.).
2.2. Characterization of Pt/C and Pt/Au/C Core−Shell Electrocatalysts. The resulting catalysts were characterized using transmission electron microscopy (TEM; HF-2000 field emission TEM Hitachi High-Technologies) with energy dispersive X-ray spectroscopy (EDS; Kevex), inductively coupled plasma-mass spectrometry (ICP-MS; SPS-3520, SII NanoTechnology), and electrochemical methods. TEM was used to determine the particle diameter distribution and average diameter of the electrocatalyst particles. Microscopic elemental analysis of the Pt/Au core−shell nanoclusters was conducted using EDS. The amounts of Pt and Au electrocatalysts were measured using ICP-MS. The surface composition of Pt and Au was derived by electrochemical methods using a three-electrode glass cell and a rotating disk electrode (RDE) measurement apparatus (HZ-5000, Hokuto Denko). For the electrochemical experiments, a reversible hydrogen electrode (RHE) and Pt mesh were used as the reference and counter electrodes, respectively. Cyclic voltammograms were obtained in deaerated 0.1 M HClO 4 solutions. Polarization curves were recorded in an O 2 -saturated HClO 4 solution.
2.3. XAFS Measurements. XAFS experiments were conducted at the X-ray bending magnet beamline BL16B2 of SPring-8. The ring was operated in a top-up mode at 8 GeV with the ring current at 100 mA. The X-ray beam was monochromated using a Si(511) double crystal monochromator. The incident and transmitted X-ray intensities were monitored using two ionization chambers filled with Kr before and after the sample, respectively. The setting of the samples in the in situ measurement cells has been described elsewhere. 40 Prior to the in situ measurements, air was removed by passing pure N 2 (99.99995%) through the electrolyte solution and the XAFS cell for 30 min. During the measurements, N 2 gas was continuously flowed over the electrolyte solution to prevent air contamination. The electrode potential was swept cathodically from the rest potential (ca. 1.0 V) to 0.05 V at a slow scan rate (1 mV/s) to avoid large current and potential variations in the catalyst layer and between the carbon plates. An oxidation− reduction cycle (ORC) treatment (0.05−1.2 V) was conducted three times to remove contamination from the surface of the electrocatalyst. Following the ORC treatments, XAFS measurements were performed at 0.4 V after holding the electrode potential at 0.4 V for 10 min. Pt foil, Au foil, and a AuPt random alloy foil containing 10 at. % Pt were also measured as reference samples for curve-fitting analyses.
2.4. XAFS Analyses. XAFS analyses were conducted using the REX2000 (Rigaku) analysis package. The XAFS oscillation χ(k) was extracted from the observed data μ(E) by subtracting the smoothly varying part μ s (E), which was estimated from cubic splines. 44 The difference was then normalized using the edge height μ 0 (E): where k is the wavenumber of the photoelectron, which is related to the photon energy E, and the threshold energy E 0 , by
where m is the mass of the electron. The quantity k 3 χ(k) was Fourier transformed to r space, the peak in the transform was filtered, and then an inverse Fourier transform was applied to convert the filtered peak back to k space. The Fourier-filtered data were then analyzed with a curve-fitting technique using the following theoretical XAFS equations:
In eqs 3 and 4, j denotes each coordination shell, N j is the coordination number, r j is the bond length, ΔE 0j is the difference between the theoretical and experimental threshold energies, and σ j is the Debye−Waller factor for the jth coordination shell. The quantities ϕ j (k) and F j (k) are phase shifts and amplitude functions, respectively, both of which were derived from FEFF8 calculations. 46 The amplitude reduction factor S j arises from many-body effects and from inelastic losses during the scattering process. Many-body effects and inelastic losses are dependent on k in opposite ways, so that S j can be regarded as a constant function of k.
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In the curve-fitting analyses, S j and ΔE 0j were fixed at the values obtained for the Pt and Au foils. The quality of the fit was evaluated according to the R-factor: 
where χ obs (k) and χ calc (k) are the observed and curve-fitted χ(k) values, respectively. In the curve-fitting analyses of bimetallic alloys, the following equations must be satisfied within the error:
where N XY is the coordination number of atom Y around absorber atom X, C X is the mole fraction of atom X, and R XY is the interatomic distance between atoms X and Y on the X absorption edge. Errors in these structural parameters were determined at the 90% confidence level by the Hamilton ratio method. 51 3. RESULTS 3.1. Characterization of Pt/C and Pt/Au/C Core−Shell Electrocatalysts. Figures 1−3 show TEM micrographs of Pt/ C, Au/C, and Pt/Au/C, and their particle diameter distributions. The average diameter of Pt nanoclusters was estimated to be 2.2 nm from TEM image analyses of 261 Pt particles. The Au content of Au/C was 8.6 wt %, and the average diameter of the Au nanoclusters was determined to be 2.6 nm from image analyses of 339 Au particles. Nanoclusters of Au on carbon had almost the same sizes as that of Au in solution. The Pt and Au contents in the Pt/Au/C catalyst were 4.2 and 3.8 wt %, respectively, as estimated from ICP data. The average diameter of Pt/Au nanoclusters was estimated to be 3.0 nm from TEM image analyses of 195 nanoclusters. Comparison of the average diameter of Au/C with that of Pt/Au/C indicated that the thickness of the Pt shell would be two atomic layers.
The Pt/Au/C was dispersed in a solvent of ultrapure water and Nafion by ultrasonication for 30 min. The suspension was deposited on the precleaned glassy carbon substrate of the RDE to satisfy the 5.0 μg-Pt/cm 2 Pt loading and allowed to dry at 60°C . Figure 4 shows cyclic voltammograms for Pt/Au/C recorded over a potential range of 0−1.6 V at a sweep rate of 50 mV/s. The potential was first swept anodically up to 1.6 V, and then the sweep direction was reversed. A small AuO reduction peak was observed at 1.2 V in the cathodic sweep. The total surface area of the Pt/Au core−shell was the sum of the Pt surface area, S Pt , and the Au surface area, S Au . The percentage of Pt coverage was calculated using S Pt /(S Pt + S Au ) and was 0.76 cm 2 , as calculated from the hydrogen underpotential deposition (H UPD ) charge of Figure 4 , divided by the hydrogen desorption and/or adsorption density on polycrystalline Pt (210 μC/cm 2 ).
52 S Au was determined to be 0.11 cm 2 from the AuO reduction charge around 1.2 V in Figure 4 , Figure 5b shows Koutecky−Levich plots, that is, the inverse current density (1/j) plotted as a function of the inverse square root of the rotation rate (ω 1/2 ) using the data in Figure 5a . The linearity and parallelism of these plots indicate first-order kinetics with respect to molecular oxygen. 54 The specific activity of the Pt/Au/C electrocatalyst was evaluated at an electrode potential of 0.9 V and was 571 μA/cm 2 , so that the mass-specific activity was 411 A/g. In contrast, the area-specific and mass-specific activities for the commercial Pt/C electrocatalyst were 298 μA/cm 2 and 251 A/g, respectively. Thus, the area-specific and mass-specific activities of the Pt/Au/C electrocatalyst were 1.9 times and 1.6 times larger than those of the Pt/C electrocatalyst, respectively.
3.3. XAFS Analysis. 3.3.1. Reference Foils. Figure 6 shows the Pt K-edge XAFS spectrum and its oscillations for Pt foil. Although the Pt K-edge XAFS spectrum has a smooth edge jump due to lifetime broadening, XAFS oscillations could be observed after the appropriate background was removed, as shown in Figure 6b . The K-edge data were analyzed on the basis of the FEFF-derived phase shift and amplitude functions. 46 The resulting values for the Pt−Pt bond distance, coordination number, and Debye−Waller factor are shown in Table 1 . Because Au and Pt have a face-centered cubic (fcc) structure, the coordination number of the first nearest neighbor atoms is 12. To obtain this coordination number, the mean free path was set to 0.24 nm, which was shorter than the mean free path of 0.65 nm in the L III -edge XAFS, due to the lifetime broadening effect as reported by Nishihata et al. 38 This free path value (0.24 nm) was used for further curve fitting of the Pt K-edge data. Figure 7a and b shows the Au K-edge XAFS spectrum and its oscillations for Au foil. A smooth edge jump was observed, as for the Pt foil in Figure 6a . The K-edge data were analyzed on the basis of the FEFF-derived phase shift and amplitude functions. 46 The resulting values for the Au−Au bond distance, coordination number, and Debye−Waller factor are shown in Table 1 . The mean free path was set to 0.21 nm to give a coordination number of 12.
Comparing the Pt−Pt distances for the K-edge and L III -edge shown in Table 1 , the Pt−Pt distance of the L III -edge was 0.003 nm shorter than that of the K-edge. The same tendency was also observed in the Au−Au bond distances. Accordingly, the bond distance obtained from curve fitting of the K-edge was considered to be longer than that derived from the L III -edge, although the reason for this discrepancy remains unknown. Figure 8a and b shows the Pt K-edge XAFS spectrum and its oscillations for Au−Pt (1/9) foil. Although the phase shifts ϕ j (k) and amplitude functions F j (k) of Pt and Au atoms are so close that discrimination is difficult, the metallic radii of Pt and Au differ by about 0.005 nm; this is sufficient to create a phase difference in the oscillations, so that Pt−Pt and Pt−Au contributions can be distinguished with careful analysis. A one-shell curve fitting for the Pt−Au bond was first conducted for the Au−Pt foil in an attempt to distinguish Pt and Au by the difference in bond distance. The resulting curve-fitting parameters are shown in Table 1 . The coordination number was less than 12, probably because residual Pt−Pt interactions were neglected. A two-shell curve fit was then conducted using different bond distances to separate the Pt−Pt and Pt−Au shells. In the two-shell fitting, the value of ΔE 0 for the Pt−Pt bond was fixed at the value for Pt foil. Consequently, a total coordination number of almost 12 was obtained. The Pt−Au bond distance obtained from the curve fit was between the Pt− Pt and Au−Au bond distances for the pure foils.
3.3.2. Pt/C Electrocatalyst. Figures 9 and 10 show the Pt Kedge and L III -edge absorption spectra and the k 3 -weighted XAFS oscillations for Pt/C, respectively. The oscillations for Pt/C were smaller than those for the Pt foil, which indicates a smaller coordination number and the presence of nanoparticles. The coordination number and bond distance given in Table 2 have errors of 2.3 and 0.001 nm, respectively. However, the bond distance obtained from a K-edge curve fitting was 0.004 nm longer than that for the L III -edge. The longer distance from the K-edge analysis than that from the L 3 -edge corresponds to that found in the XAFS analyses of the Pt foil and Au foil. , as shown in Figure 11a . As compared to Pt and Au K-edge XAFS, the oscillation of the Au K-edge was larger and lasted longer, which was more evident in the inversely Fourier filtered data in Figure S1 (Supporting Information). This means that Au had a larger coordination number and less disorder than Pt. The data were further analyzed by curve fitting to obtain structural parameters. Because the differences of phase shift and amplitude functions are not so much in Au and Pt, one-shell curve-fitting analyses of the Pt and Au K-edges were conducted for the Pt−Pt and Au− Au bonds, respectively, to have an approximate image. The results are given in Table 3 . The Pt−Pt bond distance in the Pt/Au/C alloy was almost the same as that for Pt/C. However, the Au−Au bond distance was shorter than that for the Au foil, and the contraction in bond distance was 0.006 nm. In addition, the coordination number for Au−Au was large (almost 12), which was close to that for the Au foil and was significantly different from that for Au nanoclusters. In contrast, the coordination number for Pt−Pt was around 6. These coordination numbers are consistent with the core−shell model, in which more Pt than Au is on the surface.
To probe the structures in more detail, two-shell curve-fitting analyses for Pt and Au K-edges were conducted. To reduce the number of fitting parameters, values of ΔE 0 for Au−Au, Pt−Pt, and Pt−Au were fixed to those for the corresponding foils, and the value of ΔE 0 for Au−Pt was fixed at 5.0 eV. The uncertainty The Journal of Physical Chemistry C (±10 eV) in ΔE 0 for the Au−Pt bond gave rise to errors in bond lengths of approximately 1%. Table 4 shows the structural parameters obtained from the curve-fitting analysis. The bond distances and coordination numbers of Pt−Au and Au−Pt obtained from Pt and Au K-edge fits satisfied the conditions given in eqs 6 and 7 within the error. The distance for Pt−Au was longer than that for Pt−Pt obtained from the one-shell curve fit. The Au−Au bond distance from the two-shell curve fit was longer than that from the one-shell fit. This can be explained by the presence of Au−Pt bonding, which should have a bond length between those of Pt−Pt and Au−Au. The Au−Au distance was shorter than that for the Au foil, and the total coordination number of Au−Au + Au−Pt = 12.4 was close to that expected from the model of the Au core. However, the total coordination number of Pt−Au + Pt−Pt (=9.2) was much smaller than that for the Pt foil; these coordination numbers demonstrate the Pt shell/Au core structure. As discussed later, the "two-shell Pt on Au core" model nanocluster with a diameter of 3.0 nm provided a total coordination number of 8.7, which corresponds to the observed value.
4. DISCUSSION 4.1. Estimation of Pt/C and Pt/Au/C Core−Shell Electrocatalyst Structures. 4.1.1. Estimation of the Pt/C Nanocluster Structure. There are two possible structures in nanoclusters, icosahedral and cuboctahedral in the literature. Judging from the particle size, we assumed the cuboctahedral structure in this Article. 55 On the basis of an average diameter of 2.2 nm and the cuboctahedron model, the particles have 4-atom edges (1.9 nm in diameter, 147 atoms) or 5-atom edges (2.4 nm in diameter, 309 atoms). Figure 12a shows a 309-atom cuboctahedron with 5-atom edges. The average coordination numbers for all Pt atoms calculated from the 4-atom edge and 5-atom edge models were 9.0 and 9.6, respectively, which are in good agreement with those obtained from the K-edge/L III -edge XAFS curve fit given in Table 2 (9.6 ± 2.0 and 9.3 ± 2.3, respectively). Therefore, the Pt-on-carbon nanocluster was a cuboctahedron structure with 4-atom or 5-atom edges.
4.1.2. Estimation of the Pt/Au/C Structure. The XAFS results revealed that the coordination number derived from Au K-edge EXAFS oscillations was larger than that derived from the Pt K-edge data, which indicates a structure composed of a Au-rich core and a Pt-rich shell. Although Strbac et al. suggested that the Au(111) single crystal was partially covered with Pt, 56 the total coordination number of Au was almost 12, which indicates that the Au nanoparticle was almost fully covered with Pt. Cyclic voltammetry also showed that mostly Pt occupied the surface of the nanocluster surface. Although the reaction mechanism of H 2 PtCl 6 with the Au nanoparticle is still unknown, a Pt shell can be easily prepared around the Au core by this simple reaction.
The Pt/Au core−shell structure was further analyzed on the basis of the XAFS, ICP, and TEM data. ICP analysis showed that the bulk Au:Pt ratio was 1.1. From the particle sizes of Au and Pt/Au (2.6 and 3.0 nm, respectively), we propose a cuboctahedral model with 659 atoms, as shown in Figure 12 . In this structure, 309 Au atoms are located inside the nanocluster, while 350 Pt atoms cover the Au nanoclusters in two layers. The estimated core−shell model is shown in Figure 12c .
The coordination numbers of the Pt/Au structure in Figure  12c are given in Table 5 . The coordination numbers obtained from the curve fits in Table 4 correspond to those observed. Thus, we propose the model structure shown in Figure 12c , where the Au core is covered with two layers of Pt atoms.
4.2. Bond Length and Electrochemical Activity of Pt/ Au/C. Table 4 shows that the Au−Au and Pt−Pt distances for the Pt/Au/C core−shell electrocatalyst were shorter than the corresponding distances in the Au and Pt foils. The Pt−Pt distance in Pt/C was slightly shorter than that in the Pt foil, as shown in Table 3 . The Pt−Pt distance for Pt/Au/C was even smaller than that for Pt/C. The Au−Au bond distance in the Pt/Au/C was also shorter than that in the Au foil. Pt and Au atoms generally form fcc lattices, where the Pt lattice constant is smaller than that of the Au lattice; therefore, a Pt atomic layer on a Au lattice is expected to have elongated Pt−Pt distances due to the influence of the Au lattice. This expansion of the Pt− Pt distance was observed in epitaxially grown Pt on a Au(111) Figure 12 . Estimated structures of (a) Pt cuboctahedron, (b) Au cuboctahedron, and (c) Pt/Au core−shell particle. The Journal of Physical Chemistry C surface. 34 However, the Pt−Pt distance obtained for the twoshell curve fitting was not elongated, but instead the Au−Au distance was largely contracted. This is due to the strong Pt−Pt bond, which induces contraction of the Au core. This may be due to the labile properties of nanoclusters.
According to Adzic et al. 25 and Mukerjee et al., 57 shorter Pt− Pt distances contribute to enhanced area-specific activity for the ORR. A comparison of the Pt−Pt distance obtained in Pt/Au/ C with the relationship between the Pt−Pt distance and ORR area-specific activity reported by Mukerjee et al. 57 indicates that the Pt−Pt distance found in Pt/Au/C was in the range that can explain the high area-specific activity. The XAFS results suggest the core−shell structure and contraction of the Pt−Pt distances, which are considered to be related to the high ORR area-specific activity in the Pt/Au/C core−shell electrocatalysts. The Pt−Au nanocluster has an unexpected structure; that is, the Pt−Pt distance is shorter than that of Pt foil. The Pt L III edge X-ray near edge structure was measured and showed a larger d-vacancy than those for Pt foil and Pt/C, as shown in Figure S2 (Supporting Information). This is another unexpected result because electron transfer from Au to Pt should occur. The Pt L III edge for Pt−Au foil shows a smaller d vacancy by electron transfer from Au, as shown in Figure S2 (Supporting Information). We are now preparing another report to discuss the electronic structure and activity of Pt−M alloys. However, we can confirm that the Pt/Au nanoparticle should have a structure and electronic properties different from those of Pt deposited on a Au surface and PtAu bulk alloy.
CONCLUSIONS
A carbon-supported Pt-shell Au-core electrocatalyst (Pt/Au/C) was prepared by sequential deposition of Pt ions on the surface of Au nanoclusters. The nanoclusters were prepared by the sputter-deposition-onto-ionic-liquid method and supported on carbon. The ORR area-specific activity for the prepared Pt/Au/ C in 0.1 M HClO 4 aqueous solution was approximately 2 times higher than that of a commercial carbon-supported Pt/C electrocatalyst. The Pt/Au core−shell structure was confirmed by electrochemical methods and XAFS analysis. The Pt−Pt bond distance for Pt/Au/C obtained from the XAFS analysis was not elongated by interactions with the Au atoms in the core. Instead, the Pt−Pt bond distance was slightly contracted, even compared to that of Pt/C. The core−shell structure and the contraction of the Pt−Pt distance on the Au core must cause high area-specific activity. 
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